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Abstract :  
 
The meridional overturning circulation (MOC) is a global system of surface, intermediate, and deep 
ocean currents. The MOC connects the surface layer of the ocean and the atmosphere with the huge 
reservoir of the deep sea and is the primary mechanism for transporting heat, freshwater, and carbon 
between ocean basins. Climate models show that past changes in the strength of the MOC were 
linked to historical climate variations. Further research suggests that the MOC will continue to 
modulate climate change scenarios on time scales ranging from decades to centuries [Latif et al., 
2006]. 
 
 
Keywords : South Atlantic ; Meridional Overturning Circulation ; CPIES 
 

 
 
 

 

 
 

http://dx.doi.org/10.1002/2014EO060001
http://onlinelibrary.wiley.com/
http://archimer.ifremer.fr/
mailto:isabelle.ansorge@uct.ac.za


53

VOLUME 95    NUMBER 6    11 FEBRUARY 2014

Forum: Developing Scientists’ “Soft” Skills, p. 
About AGU: New Open-Access Journal Spans the Earth and Space Sciences, p. 
About AGU: First Virtual Student Poster Session, p. 
About AGU: Support Your Science by Donating to Sections and Focus Groups, p. 
About AGU: Outstanding Student Paper Awards, p. 
Research Spotlight: Europe’s Heat Island, Seal-borne Sensors, and More, p. 

The meridional overturning circulation 
(MOC) is a global system of surface, inter-
mediate, and deep ocean currents. The MOC 
connects the surface layer of the ocean and 
the atmosphere with the huge reservoir of 
the deep sea and is the primary mechanism 
for transporting heat, freshwater, and carbon 
between ocean basins. Climate models show 
that past changes in the strength of the MOC 
were linked to historical climate variations. 
Further research suggests that the MOC will 
continue to modulate climate change sce-
narios on time scales ranging from decades 
to centuries [Latif et al., 2006].

At present, the majority of observations 
of the MOC come from the Rapid Climate 
Change ( RAPID)  MOC/  Meridional Over-
turning Circulation and Heat Flux Array 

( MOCHA), part of the U.S. National Oceanic 
and Atmospheric Administration’s (NOAA) 
Western Boundary Time Series program. Pre-
liminary results from this array of sensors, 
which extends across the North Atlantic 
along 26.5°N, have shown that the strength 
of the overturning circulation varies consid-
erably on time scales as short as weeks to 
months [Rayner et al., 2011].

Given the complex, multibasin nature of 
the MOC, achieving a more complete under-
standing of its behavior requires a more 
comprehensive observing system, one that 
extends across neighboring ocean basins. 
Though Argo floats, gliders, and satellite 
measurements continue to revolutionize 
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Senate Hearing Focuses on Critical Minerals 
and Efforts to Ensure U.S. Supplies

A discussion about the current severe 
propane shortage in the U.S. Midwest was 
not on the agenda for a 28 January hear-
ing on critical minerals held by the U.S. 
Senate Committee on Energy and Natural 
Resources. However, that did not stop com-
mittee member Sen. Tammy Baldwin ( D-
Wis.) from bringing up the topic as “a really 
stark illustration of what happens when 
there are disruptions, how dangerous it can 
be when resources that we absolutely rely 
on—for, in this case, warmth of our constitu-
ents’ homes—are disrupted. We need a sta-
ble supply of our critical resources.”

With growing concern about the need 
for the United States to ensure an adequate 
supply of “critical minerals” necessary for 
a variety of applications—including manu-
facturing; defense; medical technology; and 
technology related to electric vehicles, wind 
turbines, batteries, and lighting—the com-
mittee is examining bipartisan legislation to 
support the domestic production of critical 
minerals and reduce U.S. dependence on 
foreign suppliers.

“As critical as these minerals are, our 
country is dangerously dependent on 
imports from foreign suppliers,” commit-
tee chair Sen. Ron Wyden ( D-Ore.) said at 
the hearing. He noted, for instance, that 
although the United 
States holds about 
13% of global 
reserves of rare 
earth elements, 97% 
of those elements 
that are used in the 
United States come 
from China, which 
in 2009 restricted 
exports by 72% and 
caused prices to 
skyrocket.

Wyden said that the Critical Minerals Pol-
icy Act of 2013 (Senate Bill 1600), which 
has nine Democratic and eight Republican 
cosponsors, would facilitate the assessment, 
production, manufacturing, recycling, and 
analysis of domestic critical minerals. The 
bill also includes language to ensure that 
mining activities are consistent with protect-
ing public health, national security, and the 
environment and that the federal permit-
ting and review processes are executed with 
maximum efficiency and effectiveness, con-
sistent with available resources, while ensur-
ing health, security, and the environment.

Wyden also noted that manufacturing 
is the nation’s Achilles heel. “Mining more 
ore in the U.S. will not reduce our depen-
dence on foreign suppliers if the U.S. doesn’t 
develop the processing and refining tech-
nologies and infrastructure needed to turn 
that ore into useful products and then recy-
cle them at the end of their useful lives,” he 
stated.

Mixed Agency Response to Legislation

At the hearing, Larry Meinert, Mineral 
Resources Program coordinator for the U.S. 
Geological Survey (USGS), said that in 2012 
the United States was 100% dependent on 
foreign suppliers for 17 mineral commodi-
ties (including fluorspar, graphite, and 
indium) and more than 50% dependent on 
foreign sources for an additional 24 min-
eral commodities (including platinum, chro-
mium, tungsten, and rare earth elements). In 

response to questioning by committee rank-
ing member Sen. Lisa Murkowski ( R-Alaska), 
who is a bill cosponsor, Meinert said that 
USGS supports the goals of the Senate bill. 
“We have read the bill in detail, and we are 
thrilled and delighted at a bill that focuses 
on mineral resources,” he said.

The bill requires that the list of miner-
als and elements defined as critical not 
exceed 20 in total. However, “there is no 
specific number that is absolutely correct,” 
Meinert said. “The actual length of the list 
is less important than focusing the nation’s 
and the world’s attention upon mineral 
resources as a subject.” He added, “We are 
comfortable with the number you have put 
forward, and we recognize that it’s not an 
absolute number, and we understand the 
reasoning behind it.”

In testimony at the committee hearing, 
David Danielson, assistant secretary of the 
U.S. Department of Energy’s (DOE) Office 
of Energy Efficiency and Renewable Energy, 
said that “DOE’s [critical materials] strategy 
believes in the importance of ensuring a sta-
ble, sustainable, domestic supply of critical 
minerals.” He said that the strategy identifies 
three “pillars” to address critical materials 
challenges, including diversifying the supply 
of critical materials; developing alternatives 

to these minerals; and 
pursuing recycling, 
reuse, and more effi-
cient use of them.

When asked 
whether the depart-
ment supported the 
legislation, Danielson 
responded that DOE is 
currently reviewing the 
bill “and has no spe-
cific comment on the 
legislation at this time.” 

That did not sit well with Murkowski. “If criti-
cal minerals are so important, why haven’t 
you formed an opinion one way or another 
that you would like to relay publicly?” she 
asked, noting that the  40-page bill was intro-
duced several months ago.

While various agencies within the Obama 
administration have provided mixed mes-
sages regarding support of the Senate bill, 
the administration adamantly opposes leg-
islation passed by the House of Represen-
tatives, the National Strategic and Critical 
Minerals Production Act of 2013 (H.R. 761). 
That bill “would undermine and remove the 
environmental safeguards, for, at a mini-
mum, almost all types of hardrock mines 
on Federal lands,” the White House said 
in a July 2013 statement. “The Administra-
tion strongly supports the development of 
rare earth elements and other critical min-
erals, but rejects the notion that their devel-
opment is incompatible with environmental 
protection and public involvement in agency 
 decision-  making.”

“U.S. Is Back in Business” 
With Rare Earth Materials

Other witnesses at the hearing testified 
about different aspects of critical minerals. 
Jim Sims, vice president of corporate com-
munications for Molycorp, Inc., headquar-
tered in Greenwood Village, Colo., focused 
on the company’s recent completion of 
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Fig. 1. A simplified schematic highlighting the meridional overturning circulation (MOC)—how 
currents flow between the southern and northern Atlantic Ocean. Blue lines refer to the pathway 
of the cold, deep water masses formed in the northern Atlantic; green lines correspond to the 
northward surface flow (including the Agulhas Current system south of Africa). Agulhas rings 
(green circles) and their saline influence into the eastern South Atlantic (green arcs) are shown. 
The existing South Atlantic MOC  Basin- wide Array (SAMBA) array along 34.5°S is shown as a 
solid red line, and the proposed full transect, to be completed in 2014 and 2015, is shown as 
a dashed line. The Rapid Climate Change ( RAPID) MOC/ Meridional Overturning Circulation 
and Heat Flux Array (MOCHA), part of the U.S. National Oceanic and Atmospheric Administra-
tion’s Western Boundary Time Series program ( RAPID MOC/ MOCHA/WBTS, referred to here as 
 RAPID), in the North Atlantic is shown also as a solid red line along 26.5°N. Schematic adapted 
from Zahn [2009].
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construction of its $1.55 billion rare earth 
processing facility in Mountain Pass, Calif. 
“Now, as a result, the U.S. is back in busi-
ness in both mining and processing and 
doing  value-  added manufacturing of rare 
earth materials,” he said.

Focusing on the importance of critical 
minerals for national defense, Maj. Gen. 
(Ret.) Robert Latiff noted that there have 
been cases in the past in which materi-
als issues affected weapons acquisitions 
programs. “My hope is that Senate Bill 
1600 might better inform [Department of 
Defense] policy, which could in turn lead to 
better material security and availability of 
key weapon systems,” said Latiff, a research 
professor and director for Intelligence Com-
munity Programs at George Mason Univer-
sity’s School of Engineering in Fairfax, Va. 
“While the rare earth crisis of the last few 
years appears to have somewhat abated, we 
should not become complacent. The fun-
damental risks that result from not having 
a secure supply of critical materials has not 
gone away,” he said. “This is an extremely 
important piece of legislation in placing a 
 long-  needed emphasis on domestic security 
of critical minerals. The national defense 
implications are, in my opinion, profound.”

Roderick Eggert, professor and director 
of the Division of Economics and Business 
at the Colorado School of Mines, in Golden, 
Colo., said that although he generally favors 
market solutions rather than government 
interventions, in the case of critical min-
erals, U.S. government activities—such as 
some of the efforts proposed in Senate Bill 
1600—can play “an important or even essen-
tial role” in several areas, including encour-
aging undistorted international trade.  Eggert 
said that the governments of nations that 
import raw materials should fight the poli-
cies of exporting countries that restrict raw 
material export “to the detriment of users of 
these materials.” An example of pushback 
that he provided were filings by the United 
States, the European Union, and Japan with 
the World Trade Organization in March 2012 
to protest China’s restrictions on rare earth, 
molybdenum, and tungsten exports.

Eggert said that other areas where gov-
ernment can help include improving the 
regulatory approval processes for domestic 
resource development; enhancing the types 
of data and information collected, dissemi-
nated, and analyzed by the federal govern-
ment; and facilitating research and education 
about mineral resources. He said the Senate 

bill “aligns well” with the recommendations 
of a 2008 study on critical materials by the 
U.S. National Research Council, which he 
chaired, and with a 2011 report—for which 
he was a committee member—on  energy- 
 critical elements by the American Physical 
Society and the Materials Research Society.

Other Sectors Weigh In

Gregory Conrad, executive director of 
the Interstate Mining Compact Commission, 
speaking on behalf of the Alaska Depart-
ment of Natural Resources, also voiced his 
support for Senate Bill 1600. “In the face of 
growing resource nationalism abroad, it 
is crucial that the United States take steps 
to account for, protect, and further bol-
ster domestic sources of critical minerals. 
Developing our nation’s mineral wealth in a 
manner that maximizes access to minerals 
while maintaining environmental responsi-
bility must be a fundamental component of 
our efforts to shore up our national mineral 
resource security,” he said.

Conrad appeared in place of Robert 
Swenson, deputy commissioner of the 
Alaska Department of Natural Resources, 
who was unable to attend. In his written 
testimony, Swenson said that the legisla-
tion is similar and complementary to efforts 
the state of Alaska is undertaking through 
its strategic minerals initiative launched in 
2011. He noted that Alaska has vast mineral 
potential, including more than 70 known 
occurrences of rare earth elements, 17% of 
the world’s coal, and 6% of the world’s cop-
per. “While much additional work and 
investment is needed to develop domestic 
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the study of the upper ocean, there is still 
a clear need to study the full ocean depth 
with moored instruments. Recognition of 
this critical importance led to the creation of 
the South Atlantic MOC (SAMOC) initiative 
[Garzoli et al., 2010].

The Importance of 34.5°S

The current exchange pathways south of 
Africa and South America drive water mass 
interactions between the Indian, Pacific, 
and Atlantic oceans. Specifically, recent 
model simulations suggest that the leakage 
of Agulhas Current water across 34.5°S into 
the South Atlantic is important to circula-
tion patterns far afield [Biastoch et al., 2008]. 
The Agulhas Current, which flows westward 
around the southern coast of South Africa, 
contributes strongly to the upper limb of the 
MOC northward flow in the Atlantic Ocean. 
Additionally, the shedding of Agulhas rings 
into the eastern South Atlantic is a major 
source of salinity to the region (Figure 1). 
Other investigations suggest that variability 
in Agulhas Current leakage may correlate to 
changes in the strength of the North Atlantic 
MOC [Biastoch and Böning, 2013].

Thus, researchers have identified 34.5°S in 
the South Atlantic as the latitude most cru-
cial to any examination of how interocean 
exchange influences the MOC [Schiermeier, 
2013]. Part of the  SAMOC initiative includes 
deploying a transbasin mooring line along 
34.5°S that will over time span the entire 
South Atlantic. Known as the South Atlantic 
MOC  Basin-  wide Array ( SAMBA), this moor-
ing array captures the Agulhas ring corridor 
and is aimed at monitoring long-term physi-
cal and chemical changes within the west-
ern and eastern boundary current systems 
as well as the effect of interocean exchange 
on the MOC (Figure 1).

Full  basin- wide arrays, such as SAMBA, 
provide crucial data through long-term mon-
itoring that will be key to understanding how 
the ocean and the MOC influence global 
climate.

The Growth of SAMBA

Starting in 2009, the United States, Bra-
zil, and Argentina deployed the first four 
pressure inverted echo sounders (PIES) 
and three current and pressure recording 
inverted echo sounders (CPIES) in the west-
ern South Atlantic (Figure 1). The CPIES 
and PIES array, positioned on the seafloor, 
records acoustic travel time, bottom pres-
sure, and current velocity at the base of the 
water column. From these measurements 
and hinging on the fact that acoustic signals 
measure the speed of sound throughout the 

water column, full-depth profiles of tempera-
ture and current velocity can be inferred.

In September 2013, French and South Afri-
can scientists deployed an array of eight 
CPIES moorings along the eastern por-
tion of the  SAMBA line from the South Afri-
can R/V SA Agulhas II. In December 2013, 
Brazil added additional moorings to aug-
ment this array, including a bottom pres-
sure gauge and a  bottom-  mounted acoustic 
Doppler current profiler. Data from all PIES 
and CPIES can be collected acoustically by 
research ships, with some instruments also 
equipped with “data pods” that automati-
cally release to the surface every 4 months, 
transmitting their data via satellite.

In mid-2014, South Africa will deploy a 
line of tall moorings along the eastern end 
of the  SAMBA line, extending from the con-
tinental shelf edge to 15°E. When deployed, 
each deep-sea mooring will extend from the 
seafloor to the surface and will measure tem-
perature and velocities throughout the water 
column. Many of these moorings will be 
deployed at depths exceeding 4500 meters. 
In 2014 and 2015, repeat oceanographic 
surveys and further deployments are also 
planned along the entire  SAMBA line.

Data from  SAMBA will help researchers 
develop models of how Agulhas Current 
leakage influences the strength of the MOC, 
as well as provide the community with accu-
rate information on how the transport of 
Indian Ocean water masses into the South 
Atlantic varies annually. As  SAMBA contin-
ues to grow, supported by an international 
collaboration, scientists will get closer to 
understanding the behavior of the MOC and 
its role in driving climatic variability.
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